Abstract -This paper proposes a hybrid-excited linear synchronous motor (LSM) that has potential applications in a magnetically levitated vehicle. The levitation and thrust force characteristics of the LSM are investigated by means of three-dimensional (3-D) numerical electromagnetic FEM calculations and experimental verification. Compared to a conventional LSM with electromagnets, a hybrid-excited LSM can improve levitation force/weight ratios, and reduce the power consumption of the vehicle. Because the two-dimensional (2-D) FE analysis model describes only the center section of the physical device, it cannot express the complex behavior of leakage flux, which this study is able to predicts along with levitation and thrust force characteristics by 3-D FEM calculations. A static force tester for a hybrid-excited LSM has been manufactured and tested in order to verify these predictions. The experimental results confirm the validity of the 3-D FEM calculation scheme for the description of a hybrid-excited LSM.
Introduction
Linear synchronous motors (LSMs) used in magnetically levitated (MAGLEV) vehicles are classified into two types on the basis of field location: short-primary LSM and longprimary LSM. Furthermore, there are two sub-types according to the source of the magnetic field. One utilizes electromagnets with iron-cores ("German-TRANSRAPID") and the other uses superconducting magnets with air-cores ("Japanese-MLX") [1] .
In this study, we analyzed the characteristics of a linear synchronous motor (LSM) containing hybrid-excited electromagnets. The geometry of the LSM is characterized by hybrid-excitation, which combines the high-energy density of permanent magnets and the controllability of easily implemented electrical excitation. The hybridexcited LSM has several advantages such as an increased levitation airgap height, a decrease in the total weight of the vehicle, and a large improvement in thermal conditions [2, 3] .
The effective electric-gap of a hybrid-excited LSM is very large; the gap includes the height of the permanent magnet with the permeability of air and a large slot for the stator. Moreover, because the device is a three-dimensional (3-D) model and the leakage flux shows complex behavior, a detailed investigation involving 3-D electromagnetic field calculations are required. Therefore, the 3-D finite-element method (FEM) is used to calculate the levitation force and thrust so as to avoid calculation errors [4, 5] .
The aim of this study is to investigate the levitation force and thrust characteristics of a hybrid-excited LSM with 3-D FEM. The results are compared to the measured data, which were obtained using an experimental device designed for the measurement of the static force characteristics of the hybrid-excited LSM. The feasibility of the hybrid-excited LSM for maglev vehicles is confirmed by testing the levitation force and the thrust.
Structure of Hybrid-Excited Linear Synchronous Motor
The hybrid-excited LSM is composed of a laminated rail/translator side core structure, high-performance permanent magnets, and DC-excited (control current carrying) coils [6] . Fig. 1 shows the detailed structure of the proposed hybrid-excited LSM. In the long stator on the ground, large slots were designed to allow the installation of copper or aluminum waveform coils. This device stabilized by an attractive force produced by strong permanent magnets, which are mounted on the translator core. In order to achieve stable levitation, the permanent magnet's flux must be modulated by the DC-excitation coil surrounding the permanent magnets. The steel cores (long-stator and translator) are laminated so as to reduce the effects of eddy currents within them.
The specifications of the permanent magnet are selected to allow levitation without any added electric power at a desired airgap. The computer model uses the same-scale of physical dimensions as those used for the practical analysis and experiments. Table 1 lists the specifications and design parameters of the hybrid-excited LSM. 
Magnetic Field Analysis using 3-D FEM
In order to evaluate the basic characteristics of the hybrid-excited LSM, 3-D FEM is used to analyze both magnetic field distributions and static forces. The calculation mesh of the 3-D model is shown in Fig. 2 . The model is composed of 211,246 tetrahedral elements. In the 3-D FEM calculation, a commercial FEM package named "Ansys Maxwell" was used. The computing time and the achievable error limits are important evaluation criteria of our 3-D simulation. In order to get useful results with small errors, the airgap of the machine must be at least divided into 3 layers [5] . Fig. 3 shows the magnetic flux vector distribution in the stator and translator cores when there is no armature current and no DC-excitation current for an airgap height of 20 mm. There is a large leakage flux linking with the translator core in the lateral edge region. This lateral flux may lead to the errors that arise in two-dimensional FEM calculations [6] . Owing to the topology of the device, the airgap flux density distribution is non-sinusoidal and contains significant harmonic content. As seen in the figure, the magnitude of the normal flux density is weakened or strengthened depending on the direction of the DCexcitation current. The maximum value of the normal flux density is 0.63 T with a 20-mm airgap between the longstator and translator cores. The minimum value of the normal flux density is 0.37T. In order to scale the level of flux control of the hybridexcited LSM, the flux control coefficient α, is changed, as defined in (1) [7] . 
where B δ0 is the flux density of the airgap without the DC field current, and B δ is the flux density with an applied DC field current. Fig. 6 illustrates the flux control capability versus DC-excitation field magneto-motive force (MMF). It can be seen from Fig. 6 that a relatively wide range of flux control can be achieved with a reasonably small variation in DC-excitation current. When a variation of ±40 A is applied, the flux control (with no load) ranges from roughly 27.4% in the flux-boosting mode (high-levitation force) to -27.6% in the flux-weakening mode (lowlevitation force). Moreover, the figure shows the magnetic saturation present when the model operates with a positive DC-excitation current. The flux control capability of the machine is decreased by approximately 2.8% when the device operates at a +40 A DC-excitation current. For practical maglev applications, armature turns per slot is restricted to single-turn coils carrying a few thousands of amperes [8] . In order to implement a force test device with 3000-ATmax armature current, a device with 80 turns per slot and 37.5-Amax armature current has been developed. 
Force Analysis and Experimental Results

Static force tester for hybrid-excited LSM
In order to verify the modeled force characteristics, a static test facility for hybrid-excited LSM has been designed and manufactured. Fig. 8(a) shows the manufactured static force tester for hybrid-excited LSM. Fig. 8(b) shows the levitation and propulsion part of the system and its 3-DOF (degrees of freedom) structure and load cells. The hybrid-excited electromagnet has a levitation force of 8.77 kN at a 20-mm airgap. The LSM has a thrust force of 1.44 kN when operating at 3000-AT armature current. Table 2 lists the detailed system specifications including electrical parameters and the permanent magnet material. 
Magnetic field and static force characteristics
In this paper, the levitation and thrust forces, f Levitation and f Thrust , are obtained using the Maxwell stress tensor as following [9] ( )
where B y is normal magnetic flux density for y-direction to the integral surface, B x is the tangential magnetic flux density for x-direction to the integral surface.
For different values of DC-excitation current from -40 A to 40 A, the maximum airgap flux density versus the current is shown in Fig. 9 . It can be seen that the value of airgap flux density varies from 0.28 T(at -40 A, g = 30 mm) to 1.00 T (at +40 A, g = 10 mm). The comparison of experimental and numerical results of the thrust force according to the load when the stable airgap is 20 mm and the stator input current is varied from 0 AT to 3.0 kAT is shown in Fig. 11 . The experimental results at the q-axis are in good agreement with those obtained from the results of the FEM calculations. Fig. 11 . Thrust vs. translator position as a parameter of armature current.
Conclusion
The levitation and thrust force characteristics of a hybrid-excited LSM that uses an electromagnetic field provided by both electromagnets and permanent magnets are presented. On the basis of 3-D FEM calculations, we predict the levitation and thrust force characteristics based on the airgap height and DC-excitation current. In particular, we manufacture a static force testing apparatus for hybrid-excited LSM and confirm that the experimental results are in good agreement with those obtained from 3-D FEM simulations.
